Abstract
Direct synthesis of hydrogen peroxide
Hydrogen peroxide is an oxidizing agent used in many industrial applications such as in water treatment, textile production and paper industries. Its utilization is very attractive from the environmental point of view: being the simplest of the peroxides, its oxidation potential is high, it is very selective and the unique by-products are water and oxygen 1 .
However, the most common method to produce H 2 O 2 is not very environmentally friendly: over 95%
of the current industrial production of H 2 O 2 is carried out via the anthraquinone route (Riedl-Pfleiderer process) which requires toxic solvents and gives rise to high-energy consumption 2, 3 . The advantages of this method are many: it allows an in-situ production, no large installations are needed such as in the synthesis with Riedl-Pfleiderer process, which involves large costs for transportation of H 2 O 2 at high concentration (i.e. around 70% w/w) and wastewater treatments. Highly pollutant organic solvents are avoided in the direct synthesis, as the reaction can be carried out in water or alcoholic solutions. However, there are problems related to the H 2 O 2 selectivity and concentration achievable: the method unfortunately also gives rise to thermodynamically favored parallel and consecutive reactions, i.e. the direct formation of H 2 O, the decomposition of H 2 O 2 and the hydrogenation of H 2 O 2 leading to water formation ( Figure 1 ).
The addition of promoters such as halide salts and inorganic acids in the medium solution seems to increase the selectivity, thus reducing the occurrence of undesired reactions: numerous studies have been carried out, in which the effect of these enhancers have been evaluated [10] [11] [12] [13] [14] [15] .
Ultrapure hydrogen peroxide
Electronic chemicals, which are the chemicals and materials used to manufacture and package semiconductors and printed circuit boards, require extreme low content of metallic impurities to minimize reliability problems in microdevices. In order to avoid contamination because of the chemicals themselves, ultrapurification processes become necessary to achieve these exigent limits.
Hydrogen peroxide (H 2 O 2 ) is one of the most employed liquid phase electronic chemicals, which are also called wet chemicals, because it is employed for cleaning silicon wafer surfaces of organic matter, particulated contamination and metallic impurities. It is also useful to remove photoresists and etch copper on printed circuit boards. For the particular case of hydrogen peroxide, the requirements imposed to be accepted as electronic grade chemical are defined by the SEMI C30-1110 Document 16 , as well as the SEMI PV36-0912 Document for photovoltaic applications 17 . These standards were developed by the SEMI organization, which is the global industry association serving the manufacturing supply chains for the microelectronic, display and photovoltaic industries, and includes the main characteristics electronic grade hydrogen peroxide must fulfill.
Reverse osmosis membrane processes have demonstrated their technical and economic viability for hydrogen peroxide ultrapurification from technical grade chemical to semiconductor requirements 18, 19 .
Both polyamide (PA) and cellulose acetate (CA) reverse osmosis membranes have been tested for this purpose 20 . These types of membranes show very different characteristics, specifically when they are applied to separation processes in such an oxidant medium as concentrated hydrogen peroxide.
Both permeate productivity and solute removal efficiency of PA membranes can be considered higher than those of CA membranes. However, the chemical resistance of CA membranes is the property that counterbalances their performance drawbacks, as CA membranes exhibit comparatively better long-term stability under oxidative conditions than PA membranes. Nevertheless, PA membranes have demonstrated better competitiveness and should be preferred over CA membranes.
Membrane cascades can be very useful to implement demanding separation processes when moderate rejection limits the application of a single membrane stage [21] [22] [23] . Integrated countercurrent cascades combine high selectivity for solute removal and elevated mass yield and they have been successfully applied to wet chemicals ultrapurification 24 .
Therefore, the evaluation of membrane cascades which resource to hydrogen peroxide produced via direct synthesis as alternative raw material instead of the chemical obtained by the conventional anthraquinone route was carried out in order to determine their technical and economic viability.
Experimental

Materials
The catalyst used was 5 wt.% Pd on an activated carbon support from Sigma-Aldrich. At the beginning of each experiment, the finely dispersed catalyst was weighted and mixed homogenously with inert quartz sand micro particles of 150-200 µm size (Merck), thus the mixture was directly fed in the reactor and used as the catalytic bed. Gaseous reagents used for the direct synthesis were pure O 2 and 5% mol H 2 /CO 2 (AGA 5.0) and the liquid medium consisted of deionised water (18.2 MΩ/cm).
Sodium bromide (Fluka, 99.5%) and phosphoric acid (Sigma-Aldrich, 99%) were used as promoters, which were dissolved in the liquid inlet stream. Potassium iodide (Merck, 99.5%), sulphuric acid (Baker, 95-97%), ammonium molybdate tetrahydrate (Fluka, 99%), sodium thiosulfate pentahydrate (Sigma-Aldrich, 99.5%) and starch (Merck) were used for titration analysis.
Experimental setup
The experiments were carried out in a laboratory-scale trickle bed reactor, made of AISI 316 stainless steel (1.5 cm I.D and 60 cm long). Two cylinders, containing CO 2 /H 2 95/5 % v/v and pure O 2 were connected to the reactor and the flows of gases were controlled by Brooks 5850E and Brooks 5850S mass flow controllers, respectively.
The reactor was fed with 2 cm of glass wool at the bottom to avoid loss of solid material, a catalytic bed made with 120 g of quartz sand mixed with 150mg of 5%Pd/C, and an upper part (static mixer), consisting of 30 g of inert quartz sand. The reactor was operated in continuous down-flow co-current mode (gas and liquid phase). The liquid was fed in the reactor at room temperature, using an Eldex Model 1 Optos HPLC pump; the entrance of the liquid phase was inside the pure quartz sand to avoid mal-distribution of the liquid phase. The gas, on the other hand, entered into small void volume (ca. 3 mL) acting as pressure compensator and gas distributor.
The liquid flow into the reactor was periodically checked through a weight scale positioned under the vessel containing the working solution. The system was operated isothermally, and the temperature was kept constant using a heating/cooling jacket, allowing temperatures between -20 and 60 °C. The pressure inside the reactor was controlled using a GO BP-66 back-pressure automatic controller, installed at the liquid-gas outlet. Gas-liquid mixture from the reactor flowed in a glass flask working like a flash vessel, thus separating the liquids and gases: the liquid was stored inside the flask while the gas was flowing outside through exhaust port (i.e. in this case a simple pipe); gas samples could be taken via a porous septum installed on the pipe. A manual three-way ball valve was used to sample the instantaneous liquid phase and located between the back-pressure controller and the flask.
A constant pressure of 26 bar was selected, corresponding to the maximum pressure achievable in our lab-scale reactor. The gas was fed directly to the reactor from two different cylinders: one containing pure oxygen and the other one containing 5% H 2 /CO 2 mixture. The supplied gas mixture had the composition of 4:20:76 = H 2 :O 2 :CO 2 (% v/v), where upon H 2 /CO 2 and O 2 were initially fed inside for 3 minutes to stabilize the internal pressure and, after that, the liquid was fed in the reactor and the reaction commenced. This was considered as the start of the reaction t = 0 (t 0 ). After t 0 , the liquid flow rate was maintained at 1 mL/min until the reactor was completely filled, and the first drop was seen at the reactor outlet (it took from 40 to 50 minutes for the entire reactor to be filled by the liquid phase), after which the feed was reduced to 0.25 mL/min and maintained constant until the end of the experiment. Liquid and gas samples were taken periodically (~every 20 minutes) and the reaction was run for 300 minutes. The liquid samples were withdrawn as follows: ~1 mL was withdrawn from the ball valve, 700 µL were transferred, through a precision pipette, in a pre-weighed sample-tube, weighted and analyzed with an iodometric titration in order to measure the H 2 O 2 concentration. Gas samples were taken every 20 minutes, from the time of the first drop until the end of the reaction. A long pipe with a porous septum was connected to the final flash vessel; 100 µL of gas were sucked up across the septum, with a Hamilton syringe, and analyzed by gas chromatography (GC) in order to identify the amounts of H 2 , O 2 and CO 2 leaving the system (H 2 , O 2 reacted and CO 2 as the inert-constant phase). Agilent 6890 GC with Porapak and Molsieve columns was applied; the carrier was helium and the detector was a TCD settled at 250ºC.
The H 2 O 2 conversion was defined as follows:
The pHs were measured in the water solutions at atmospheric pressure before feeding them to the reactor. This was done in order to give a clear effect of the selectivity enhancers on the direct synthesis rather than the effect of the acidification by carbon dioxide. Notwithstanding, the effect of carbon dioxide can be assumed negligible when acids are used to acidify water. For these reasons the pHs measured in the present work do not take into account the effect of the carbon dioxide as enhancer to acidify water solutions.
Metallic content analysis
The characterization by ICP-MS (Agilent 7500ce system with special sample introduction system ESI Upgrade Kit made of PFA for resistance to hydrogen peroxide) of the hydrogen peroxide samples obtained by direct synthesis for the 21 metals required in SEMI C30 and PV36 standards was carried out 16, 17 . Palladium was also included in the characterization as it is the most important element of the employed catalyst. Some alkali (Na and K) and alkaline earth (Mg and Ca) metals were not correctly
measured during the characterization trials, so their results were not considered. Besides, the use of NaBr as promoter for the direct synthesis reaction adulterates the total Na content of the samples.
Further work to obtain more precise results for these elements by other analytical techniques (mainly IC) is planned.
CAPE tools
The Aspen Tech software was the CAPE tool selected to simulate the behavior of the designed membrane cascade process for the ultrapurification of hydrogen peroxide. The simulation of the proposed membrane cascades, which cover the overall and component material balances and the transport equations through the reverse osmosis membranes, was developed in the Aspen Custom Modeler environment.
GAMS software was selected as optimization tool to manage the resulting nonlinear programming (NLP) models using BARON solver. The General Algebraic Modeling System (GAMS) is a high-level modeling system for mathematical programming and optimization. It consists of a language compiler and a stable of integrated high-performance solvers.
Results and discussion
CDS experiments
The experiments were designed aiming at discovering a relation between the enhancers used during the direct synthesis (NaBr, H 3 PO 4 and H 2 SO 4 ), the metals leached from the catalyst used and the total metallic content of the produced chemical. The experiments were performed keeping the H 2 conversion at 100%. Selectivity was not measured since the aim of the work was not to improve the catalyst or reactor performances but to understand the potential applications of the direct synthesis for ultrapure H 2 O 2 . A maximum H 2 O 2 concentration of 2.3 wt.% was obtained. This is a very good result considering the low pressure used, moreover, the concentration obtained can be of potential interest for end users 3 .
The experimental conditions used for the H 2 O 2 direct synthesis and the results obtained are reported in Table 1 . The Table 1 gives an idea on the effect of the sodium bromide and the acids used during the CDS. First of all it can be seen that adding the acid, to the reaction medium containing a fixed amount of NaBr, has a beneficial effect on the direct synthesis (Runs #1 to #5 and #11, #12),
secondly, that using different acids resulted in a different pH but a similar production of H 2 O 2 (Runs #8
and #9), and that the increase in NaBr concentration resulted in a higher H 2 O 2 production (Runs #1, #6 and #7). The optimal pH for the production of H 2 O 2 seems to be 2.5, as already reported in The concentration of NaBr in the working solution is proportional to the H 2 O 2 production as reported in Figure 3 (without acid enhancers).
These experiments were needed to see the effect of the NaBr on the reaction to confirm that the bromide anion is the real promotor of the CDS while the acids enhance the effect of the bromide. It is clear from Figure 3 that the H 2 O 2 concentration is almost doubled with a 4-fold increase of the NaBr concentration.
Another important aspect is that the H 2 O 2 concentration does not increase linearly decreasing the pH. Figure 4 shows as in the interval of pH between 6.5 and 3.0 there is a constant H 2 O 2 production while around a pH of 2.5 there is a maximum in H 2 O 2 production whatever is the acid used (with a fixed concentration of NaBr). This is another evidence which confirms that the roles of bromide and the acids are strictly interconnected and that the CDS to be effectively promoted needs both enhancers.
The results of the direct synthesis are correlated to the metal content of the produced chemical in the next section.
To be noted that in the present work the H 2 O 2 selectivity was not so high as in our previous works and varied between 20% up to 42% with a H 2 conversion between 65% and 90%. The present work was focused in obtaining a correlation between the quantity of acid and bromide used in the reaction environment and the metal impurities at the reactor outlet. High selectivities can be achieved with different strategies as we have already demonstrated varying quantity of catalyst, catalyst distribution along the reactor bed, temperature, pressure and gas-liquid flow rates 7 . The focus of the work was to compare the H 2 O 2 produced via classical auto-oxidation process with the direct synthesis, as raw material, for ultrapurification process to produce electronic grade chemical.
Metal concentrations
The results of the characterization are compiled in Tables 2 and 3 If the worst possible scenario (maximal concentration for each element) was taken into account, the resulted hydrogen peroxide exceeded the fixed limits of the less stringent electronic grade (Grade 1)
in SEMI C30 for 3 metals: Fe (100 ppb), Ti (100 ppb) and Cr (50 ppb). An additional metal was included in this list when the limits of SEMI PV36 Grade 1 were analyzed: Al (100 ppb). Besides, when compared with the more demanding grades as Grade 2 for both SEMI documents, all the analyzed elements (Al, B, Cr, Cu, Fe, Mn, Ni and Ti) were above the fixed limit (10 ppb), which is a common value for both standards.
The dependence relationships between the metallic content of the hydrogen peroxide and the operation conditions implemented for its production were analyzed. The concentrations of the three different promoters (H 3 PO 4 , H 2 SO 4 and NaBr) were considered as the main experimental variables to be investigated, but these conditions determine other two important resulting conditions which were included in the study too: the pH of the reaction medium and the concentration of the obtained hydrogen peroxide.
In a first general approach, it seemed quite difficult to find remarkable relationships between the measured metallic concentrations and the operation conditions. As an illustrating example, the Figure   5 represents the boron concentration against all the analyzed variables. As it can be observed, the existence of dependence links between the variables is not clearly evidenced since the points are very dispersed without following visibly identifiable trends. Anyway, when the dispersion of the experimental points was reduced by the calculation of average values for the samples with the same initial promoter concentration, the identification of some interrelationships became possible for some specific elements.
The palladium concentration highly depended on the NaBr concentration in the reaction medium as shown in Figure 6 . This relationship was clearly linear for the samples. However, the content of the blanks was negligible, so it can be assured that the presence of palladium was due to the process and not related to the raw materials. This fact is not very surprising as this metal is the most important component of the catalyst employed for the direct synthesis reaction.
Bromides are the halides most commonly employed as promoters for direct synthesis of hydrogen peroxide. They have been found to cause a drastic decrease in the activity of Pd catalysts related to the side reactions responsible for hydrogen peroxide decomposition, increasing the selectivity toward hydrogen peroxide 3 . Although the reaction mechanisms involved in the bromide deactivation of the palladium catalyst have been deeply investigated 25 , there are not previous signs which indicate the direct relation between bromide presence and palladium leaching from the catalyst. Therefore, an indirect relationship can be more easily explained. The presence of bromide promotes the production of hydrogen peroxide solution and its stability, so higher concentrations can be achieved. These high concentrations can be the cause of the increased palladium leaching, since oxidant chemicals in acidic medium have been identified as effective extractive solutions for palladium 26 . To confirm this fact, the influence of the pH over the palladium concentration is shown in Figure 7 and the experimental results agreed with the proposed hypothesis, although in this case the linear relationship was not so clear.
Nevertheless, the case of palladium is not unique, as other elements showed a similar behavior: their maximal concentrations corresponded to the situations characterized by the highest hydrogen peroxide concentrations and the lowest pH values (these two circumstances were concurrent).
Among the members of this group of metals, the ones included in the formulation of stainless steel, the material the reactor is made of, must be highlighted. In Figure 8 , Two other metals have to be mentioned because of their significant results. The first one is aluminum.
Although it did not show a clear relationship between its concentration and the pH value, a quite straightforwardly recognizable correlation with the sulfuric acid concentration was identified instead (Figure 9 ). The origin of aluminum is not easily linked to the employment of stainless steel, since it is not among the main components. Therefore, another material present in the installation and susceptible to be degraded by sulfuric acid should be the responsible for the aluminum content of the obtained hydrogen peroxide. The second pending metal to underline is titanium. This was the most singular element. In this case, the metallic content is obviously linearly dependent on the phosphoric acid concentration (Figure 10 ). Besides, not only the samples showed this trend, the blanks followed clear that the selection of appropriate quality for the chemicals to be used as raw materials and the design of correct protocols to minimize the transfer of metallic impurities are important issues in order to achieve the desired conditions for intend the hydrogen peroxide to ultrapurification.
Simulation
The Aspen Custom Modeler software was employed to simulate the behavior of n-stage membrane cascades for hydrogen peroxide ultrapurification (Figure 11) . The proposed simulation model is based on the Kedem-Katchalsky equations for solvent and solute transport through reverse osmosis membranes and overall and component material balances.
Firstly, the overall and component (metal) material balances for each stage are composed:
Intermediate stages (i)
Final stage (n) 
Finally, the recovery ratio of each module (Rec (i) ) is defined:
Simulation was undertaken assuming a manufacturing plant with a target annual production aimed to electronic grade purposes of 9000 tons of hydrogen peroxide (this scale is just the same previously defined for the anthaquinone process in a previous publication 19 18 . Its main characteristics are explained in its fact sheet 31 . The recovery ratios of the modules were chosen as a design variables and a value of 0.9 was selected. The applied pressure was the only remaining operation variable and it was decided to simulate the process under 40 bar, the maximum pressure recommended by the manufacturer of the BE membranes. Besides, the Kedem-Katchalsky model parameters for BE membrane in hydrogen peroxide were taken from a previous study 20 .
Three cases have been studied: the average case, the most productive case and the worst case. In the first case, the average concentration of each metal was calculated. In the second case, the concentrations corresponding to the run with highest hydrogen peroxide concentration (Run #4) were selected. For the worst case, the highest concentration of each metal was chosen.
For each case, the numbers of stages needed to obtain the different electronic grades were calculated. The results are shown in Tables 4, 5 and 6. In the three cases, the number of stages for Grade 1 and Grade 5 (the strictest) is the same: 1 and 6, respectively. In the most productive case and in the worst case, the number of stages coincides for the rest of Grades. However, the average case needs fewer stages for Grade 2, 3 and 4.
Nevertheless, the number of membrane stages to be included in the cascades is always for all the analyzed cases lower than the required one by the ultrapurification of hydrogen peroxide obtained by traditional anthraquinone process 19 , so the technical competitiveness of the direct synthesis route has been clearly demonstrated.
Optimization
The optimization task was applied to determine the best conditions for the production of SEMI Grade 1 hydrogen peroxide in the most productive case within an economically competitive framework. The price of technical grade hydrogen peroxide (Y raw ) obtained via direct synthesis was chosen as the formulated objective function to maximize. This way, the maximal competitive production cost of the hydrogen peroxide obtained by direct synthesis can be established. To warrant a competitive process, it has been considered that the resulting profit must be, at least, equal to the one derived from the ultrapurification process for hydrogen peroxide obtained by the traditional way (anthraquinone autooxidation). This way, all the production costs below the maximal value assessed for Y raw will assure competitive results when compared to the anthraquinone case.
A straightforward economic model based on revenues and costs is proposed to represent the economic aspects of the process. Information about the values for all the parameters appearing in the economic model can be observed in Table 7 .
The daily profit of the process (Prof) is defined as the difference between total daily revenues (Rev) and costs (TC):
The electronic grade hydrogen peroxide obtained as the permeate (P) is the main product of the process, but the other output stream, the retentate (R), can also be considered valuable as it could be commercialized as a by-product useful for hydrogen peroxide applications where metallic content is TC -Rev Prof = not a limiting factor. According to this approach, two different terms have to be incorporated to assess the total daily revenues:
The total daily costs of the system (TC) were calculated by the addition of the capital costs (CC) and the operation costs (OC). The capital costs are divided into the costs attributable to membranes and the costs attributable to the rest of the installation, while the operation costs were itemized into raw materials, labor, energy and maintenance costs: (21) (22) (23) The capital costs of the membrane module considering straight-line depreciation were expressed as function of the membrane area of the process:
Once the membrane costs were defined, the capital costs corresponding to the rest of the installation were related to them by mean of a coefficient (K memb ) that expressed the contribution of the investment in membranes to the total capital costs. The percentage of the total investment attributable to the membrane typically range between 12% and 30%, so the value of K memb was fixed to 0.12 with the intention of representing the most disadvantageous scenario: 
The term AN was added to include the costs related to analysis and quality control. The quality of the hydrogen peroxide was restricted to achieve the SEMI electronic Grade 1.
The Table 9 illustrates the optimization results. It was found that the optimum applied pressure was 40 bar, which is the upper boundary restriction for this variable. In a similar way, the optimum recovery rate was limited by the upper limit of the defined range (0.9).
The main cost of the process was the acquisition of the raw material that represented nearly 73% of the total costs due to the great quantity of hydrogen peroxide that it is necessary to treat (Table 10) . The rest of the operational costs became insignificant when compared to the cost corresponding to feed hydrogen peroxide as none of them attained the 1.3% value. On the other hand, when focusing on the capital costs, the investment on membranes contributes by 13% to the total costs.
Under these conditions, the price of technical grade hydrogen peroxide could attain 48.0 $/m 3 . Within this scenario, the profits obtained are equal to the ones obtained by the ultrapurification of hydrogen peroxide produced by the traditional way and, as a consequence, the process is competitive if the costs of the direct synthesis process do not exceed this calculated value.
Another optimization task was made to take into account the product quality in both processes (direct synthesis and anthraquinone auto-oxidation). In the previous optimization, hydrogen peroxide by direct synthesis was forced to fulfill the SEMI Grade requirement, but the references about ultrapure hydrogen peroxide by anthaquinone process demonstrated that the obtained product had impurity levels well below the SEMI limits. The product quality can be formulated as a dimensionless safety factor SF, defined as the quotient between the limit concentration (fixed by SEMI Standard limiting requirements) and the product concentration:
According to the definition of the safety factor SF, each metallic solute implies a different safety factor.
Nonetheless, the safety factor of the final product is the minimal value among the several individual factors corresponding to each metal. In the case of the traditional way (the anthraquinone autooxidation), the metal that established the safety factor value (5.5) was the sodium because of its high concentration in the feed. However, in the other process, the CDS, iron was found to define the safety factor value (1.1) for the same reason. Therefore, the optimization has been repeated, but including the restriction of SF value via direct synthesis equal to SF value via anthraquinone auto-oxidation (in order to obtain totally comparable products with SF 5.5) and the addition of another stage to the process because with an only stage is impossible to accomplish this new quality restriction.
The results obtained in this new optimization task are shown in the Table 11 . In this case, once again, the optimum applied pressure was 40 bar for the two stages and the optimum recovery rates equal their maximal limit (0.9). Under these more exigent conditions, the price of direct synthesis hydrogen peroxide could attain 36.5 $/m 3 , 11.5 $/m 3 lower than the first optimization task, which imply a percent reduction close to 24%. Therefore, it is clear that the inclusion of quality considerations about the obtained product imposes great challenges to the economic aspects of the direct synthesis process.
Nevertheless, although some authors defend the economic viability and competitiveness of the direct synthesis process under particular conditions that include low pressure operation and small scale 33 , the crude reality demonstrates that holistic approaches to determine the costs of hydrogen peroxide production by direct synthesis are still required to complement some available references which publish partial results 
Conclusions
The main target of the work was to advance in the knowledge about the potential applications of the direct synthesis process for hydrogen peroxide production intended to obtain electronic grade chemical, and, although the improvements of the catalyst or reactor performances were not defined as objectives, the experimental results can be considered quite interesting: a maximal H 2 O 2 concentration of 2.3% was obtained. This is a very good result considering the low pressure used.
Therefore, the employed design can be of potential interest for end users. Rec, ΔP Constraints to independent variables 0.3 < Rec < 0.9 10 < ΔP < 40
Other constraints
Conc Prod < Conc SEMI 
